Substrates consisting of silver nanorod arrays with an irregular surface lattice ͑i.e., random nucleation sites͒ and with varying rod lengths were fabricated by an oblique angle vapor deposition method. These arrays were evaluated as potential surface-enhanced Raman spectroscopy ͑SERS͒ substrates using trans-1,2-bis͑4-pyridyl͒ethene as a reported molecule. SERS activity was shown to depend upon the length of the nanorods. Surface-enhanced Raman scattering ͑SERS͒ has emerged as a routine and powerful tool for the investigation and structural characterization of interfacial and thin-film systems.
Surface-enhanced Raman scattering ͑SERS͒ has emerged as a routine and powerful tool for the investigation and structural characterization of interfacial and thin-film systems. [1] [2] [3] In spite of its recent popularity, SERS does have limitations, including strict requirements that must be met in order to achieve optimal enhancement. One of the critical aspects of the technique involves the need for producing an ideal surface morphology on the SERS substrate for maximum enhancement, a requirement that is predicted from long-range classical electromagnetic ͑EM͒ theory. [4] [5] [6] Experimentally, the challenge of achieving an ideal reproducible surface morphology on a metal surface can be quite daunting. This fundamental limitation demonstrates the need for fabrication methods that produce reproducible and practical SERS-active substrates.
In recent years, vapor-deposited Ag metal films and Ag nanoparticles have gained favor as SERS substrates. [7] [8] [9] [10] [11] Standard vapor deposition methods result in silver island films ͑AgIF͒ of discontinuous particles of ellipsoidal geometry that are more stable than metal sols and produce a surface of particles that are more uniform in shape than the electrochemical method. Unfortunately, SERS enhancements obtained from these substrates tend to be lower than those obtained from colloidal aggregates. However, the combination of vapor deposition with nanosphere or e-beam lithographic procedures produces regular arrays of Ag nanoparticles that exhibit large SERS intensities. In addition, the size, shape and spacings of these Ag nanostructures can be controlled to tune the optical properties of the nanoparticle arrays. [11] [12] [13] Research with nanoparticles has shown that the size, shape, and structural arrangement of the nanofabricated metallic particles are extremely important variables in achieving maximum SERS enhancement. For example, Au nanorods exhibited stronger SERS signals than Au nanoparticles, 14 and an optimal nanorod aspect ratio was needed to reach the maximum enhancement. 15 Specially aligned nanorods have been shown to exhibit large SERS enhancement factors. 16 Unfortunately, many of the previous methods reported for preparing metallic nanoparticle arrays for high sensitivity SERS applications are expensive or time consuming, and it is difficult to easily prepare reproducible metal-coated substrates of the correct surface morphology to provide maximum SERS enhancements. 3 Based on these previous studies, it appears that two major factors are necessary in order to achieve high SERS enhancements using nanoparticle arrays: A high aspect ratio nanorod and an optimized spatial arrangement of the nanoarray. In principle, then, by carefully tuning the size, shape and arrangement of these nanoparticle arrays, one may achieve a maximum enhanced EM field. We believe that a simple physical vapor deposition method, oblique angle vapor deposition, offers a flexible, easy, and inexpensive method for the fabrication of high aspect nanorod arrays for high sensitivity SERS applications.
Oblique angle deposition ͑OAD͒ is a physical vapor deposition technique 17 in which the substrate is rotated in the polar direction by a stepper motor, as shown in Fig. 1 . During deposition, the angle between the incoming vapor from the source and the surface normal of the substrate is set to be greater than 75°. The main mechanisms that control the growth are the shadowing effect and surface diffusion. OAD is simple to implement, and any thin-film physical vapor deposition system can be readily changed to an OAD system.
The Ag nanorod substrates used in this study were fabricated using a custom-designed electron-beam/sputtering evaporation ͑e-beam͒ system. The substrate used in these experiments was a glass microscope slide with a typical dimension of 3 in.ϫ 1 in.; the microscope slide was cleaned using standard clean-1 before loading into the substrate holder. The motion of the substrate holder was controlled by two vacuum stepper motors, one rotating in the polar direction and one rotating in the azimuthal direction, as shown in Fig. 1 . A custom-designed substrate shutter was used to selectively reveal increasing portions ͑predetermined͒ of the substrate during the deposition process, thereby forming a multiregion Ag nanorod sample with varying Ag rod lengths within a single deposition. These regions are denoted as A, B, C, D, E, and F in Fig. 1͑b͒ . Typically, a base layer of a 50 nm Ag thin film was initially deposited at normal incidence, i.e., the substrate was face down to the evaporation source as shown in Fig. 1͑a͒ . The substrate was then rotated to an incident angle of 86°, after which Ag nanorods were deposited in steps of ϳ200 nm by partially opening the shutter after each deposition. During deposition, the Ag thickness was checked by a film thickness monitor at normal incidence. Actual nanorod length for each deposition region was determined using a LEO 982 field emission scanning electron microscope ͑SEM͒. The average surface roughness and nanorod thickness was evaluated from atomic force microscopy ͑AFM͒ images using a DI NanoScope 3100. 2͑b͒-2͑f͒. The length of the nanorods increases monotonically as a function of deposition time, and the nanorods are titled with respect to the normal to the substrate surface. Previous results have shown that the tilt angle for these nanorods is between 50°-60°with respect to the substrate normal. SEM images were used to determine that the six separate regions had nanorod lengths of ᐉ = 0, 190± 26, 218± 34, 300± 36, 366± 44, and 508± 45 nm, respectively. The diameter of the Ag nanorods was estimated from AFM measurements to be ϳ80-90 nm, while the density of the nanorods was approximately 15-25 m −2 . These Ag nanorod arrays have been evaluated as SERS. SERS spectra were acquired as a function of the length of the nanorod using a near-IR ͑NIR͒ confocal Raman microscope at an excitation wavelength of 785 nm. The spectrograph used was a Kaiser Optical Systems Holospec f / 1.8-NIR equipped with a LN 2 -cooled charge coupled device camera. Laser illumination at 785 nm was supplied by a Coherent Radiation 899 Ti:Sapphire laser pumped by a Innova 300 Ar + -ion laser. The molecular probe used in this study was trans-1,2-bis͑4-pyridyl͒ethene ͓͑BPE͒ Aldrich, 99.9+ %͔. BPE was chosen as the probe to calculate enhancement factors because of its high Raman scattering cross section and its ability to adsorb strongly and irreversibly to a Ag substrate. 18 BPE solutions were prepared by sequential dilution in HPLC grade methanol ͑Aldrich͒. The concentration of the BPE and the volume applied were calculated to produce a surface coverage of ϳ0.21 monolayers to avoid self-quenching effects. 19 substrates and allowed to dry before the acquisition of spectra. The 1200 cm −1 peak of BPE was chosen for the quantification because of its relative insensitivity to molecular orientation on a Ag surface. SERS spectra were collected at multiple locations on the sample for ϳ10 s each with ϳ20 mW laser power at the microscope objective.
Representative SERS spectra of BPE on Ag nanorod arrays with rod lengths of 508 nm, 300 nm, and 190 nm are presented in Fig. 3͑a͒ . For comparison with the 508 nm spectrum, the spectra for the 190 nm and 300 nm rods have been enlarged by 200ϫ and 10ϫ, respectively. It is clear from Fig.  3͑a͒ that the SERS intensity increases dramatically with nanorod length. The SERS surface enhancement factor ͑SEF͒ was calculated for BPE on the stepped Ag nanorod samples according to the equation SEF= ͑I surf / N surf ͒ / ͑I bulk / N bulk ͒. In this expression, I surf and I bulk denote the integrated intensities for the 1200 cm −1 band of the BPE adsorbed on the Ag surface and BPE in solution, respectively; whereas N surf and N bulk represent the corresponding number of BPE molecules excited by the laser beam. Figure 3͑b͒ illustrates the calculated SERS SEF plotted as a function of the length of the Ag nanorod. The SEF increased from almost zero for Region A ͑ᐉ =0 nm͒, to over 10 5 for a very short Ag nanorod in Region B ͑ᐉ = 190 nm͒, and then increased another three orders of magnitude ͑10
8 ͒ for a nanorod in Region F ͑ᐉ = 508 nm͒. The intense SERS enhancement factors observed on these Ag nanorods ͑10
8 ͒ are orders of magnitude larger than those obtained from previously published methods of forming nanoparticle arrays by vapor deposition ͑SEFϳ 10 4 ͒, 15, 21 and compare favorably to the best SERS enhancements reported using substrates prepared by elaborate nanolithographic procedures ͑SEFϳ 10 8 ͒. 22 The maximum average SERS SEF calculated for multiple locations on a single substrate was 1.39ϫ 10 8 for a Ag nanorod array measured at 508 nm. The reproducibility of the SERS SEF and nanorod height measurements is given by the error bars in Fig. 3͑b͒ . Only a very few experiments, including near-field SERS measurements ͑SEF ϳ 10 13 ͒ ͑Ref. 23͒ and substrates with specifically engineered nm-scale "hot spots" ͑SEFϳ 10 14 ͒, 24, 25 have demonstrated larger SERS enhancements than the Ag nanorod substrates described here.
It is likely that the large SERS enhancement factors for these substrates are due mainly to an electromagnetic dipole effect accentuated by the high aspect ratio of the Ag nanorods. 26 If we treat the Ag nanorods as prolate spheroid particles, the electric field at the tip of the spheroid is enhanced by a factor of f͑͒ ͓E out = f͑͒E 0 ͔ and the Raman enhancement factor will be approximately proportional to ͉f͉͑͒ 4 . Under the modified long wavelength approximation given in equation ͑3͒ by Wokaun et al., and using the bulk dielectric constant of Ag at 785 nm, 28 the calculated Raman enhancement factor is shown in Fig. 3͑b͒ . Although the theoretical estimation of SEF as a function of nanorod length follows a trend similar to that of the experimental data, the estimated SEF is much lower than that obtained experimentally. This discrepancy increases with increasing nanorod length. When ᐉ Ͻ 300 nm, the discrepancy is less than two orders of magnitude, while when ᐉ ജ 300 nm, the discrepancy increases to over two orders of magnitude. The discrepancy between experimental and calculated SEF is consistent with the change in morphology of the Ag nanorods as seen in Fig. 2 . For ᐉ Ͻ 300 nm, there is no lateral overlap of the nanorods on the surface, while for ᐉ ജ 300 nm, lateral overlap exists between adjacent nanorods. Therefore, the enhanced electric field is not only determined by the aspect ratio of a single nanorod, but also the lateral arrangement of the nanorod arrays, i.e., the enhanced field also depends upon the radiation fields generated by nearest-neighbor nanorods, as has been previously demonstrated using nanoparticle arrays. 29 In summary, we have created a Ag nanorod substrate that is fabricated utilizing a vapor deposition technique that is easily implemented in the laboratory. These substrates achieve SERS enhancement factors of approximately 10 8 for arrays of Ag rods having a length of 508 nm and a width of 80-90 nm. These substrates reproduce SERS spectra with no discernable hot spots and show potential as high sensitivity substrates for SERS-based measurements. 
